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Abstract A multifunctional cotton fabric with supe-
rior photocatalytic self-cleaning, antibacterial activity
and UV protection was prepared through treatment
with TiO,/Pt/SiO, colloid, clarifying the influence
of coating formulation on these functionalities. The
photocatalytic activity of coated fabrics under UV
and white-fluorescent light was tested and synergistic
effects of Pt and silica in enhancing the self-cleaning
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property of fabrics were demonstrated. Various molar
ratios of Pt:Ti (0.01%, 0.1%, 0.5%, and 1%) and Ti:Si
(50/50 and 30/70) were utilised in synthesising the
colloids. The self-cleaning performance of fabrics
was assessed through monitoring coffee stain removal
efficiency and methylene blue (MB) dye degradation
kinetics. The results demonstrated an effective pho-
tocatalytic self-cleaning property on fabrics coated
with TiO,/Pt/SiO, colloids. Increasing the concentra-
tions of Pt and silica both contributed to enhancing
the self-cleaning property. The fabric coated with ter-
nary TiO,/Pt/SiO, 30/1/70 colloid resulted in 43.5%
higher MB dye removal compared with pure TiO,
after 3h irradiation under visible light. Moreover, the
fabrics containing Pt 1% dopant possessed excellent
bactericidal activity against both Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) bac-
teria, regardless of the presence of silica. While the
addition of silica slightly reduced the UV protection
of coated fabrics, increasing the concentration of Pt
to 1% increased the protection level to 45+. Vari-
ous characterisation techniques including SEM, XPS,
XRD, and TEM were employed to study the Pt-dop-
ing of TiO, nanoparticles, as well as the effect of Pt
concentration, superhydrophilicity of silica, and the
chemical composition of coatings on the functionali-
ties of fabrics.
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Introduction

Research confirms that 39% of total greenhouse
emissions in the textile industry is from product care
measures by consumers such as washing, drying, and
ironing (Tomsic¢ et al. 2024; L. Zhang et al. 2023a, b).
Household laundry of textiles produces a significant
amount of wastewater containing detergents, micro-
fibres, surfactants, and other pollutants, in addition
to causing high energy consumption (TomsSi¢ et al.
2024; L. Zhang et al. 2023a, b). Applying self-clean-
ing coatings on textiles can eliminate the need for fre-
quent washing. The self-cleaning technology has been
realised based on two mechanisms of i) the preven-
tion of stain absorption on textiles through develop-
ing superhydrophobic and/or superoleophobic coat-
ings (Pakdel et al. 2023), and ii) breaking down the
absorbed stains using photocatalytic activity of semi-
conductors under a light source (Pakdel et al. 2020).
The later strategy uses the synergistic effects of pho-
tocatalysis and superhydrophilicity to clean a stained
surface (Wei et al. 2023). This functionality allows
coated fabrics to degrade the pollutants under the
irradiation of light, eliminating the contaminants such
as stains, microorganisms, and even odours from their
surface (Bai et al. 2022; Liu et al. 2023; Pakdel et al.
2017). Photocatalytic nanocoatings contain photoac-
tive nanomaterials/microparticles such as titanium
dioxide (TiO,), and zinc oxide (ZnO) immobilised on
substrates such as fibres through different approaches
(Natsathaporn et al. 2023; Wang et al. 2023). These
nanocoatings can be formed on textiles via methods
such as dip-coating, layer-by-layer-assembly, soni-
cation, in-situ synthesis, hydrothermal, and cross-
linking to create self-cleaning coatings (Gashti et al.
2016; Wang et al. 2024; Zhao et al. 2017). Among
different types of nanoparticles, TiO, stands out as an
effective photocatalyst to impart novel photo-induced
properties to textiles due to its cheap price, chemical
stability, abundance, nontoxicity, and easy process-
ing (Pakdel et al. 2014b; Wang et al. 2015). Although
TiO, has several merits compared with other photo-
catalysts, there are certain deficiencies which have
restricted its wide application. For instance, the lack
of sensitivity to visible light due to its large band gap
and relatively low photo-efficiency are two impor-
tant drawbacks of TiO, (Bingham & Daoud 2011;
Magbool et al. 2024; Ni et al. 2007). To address these
issues, several strategies such as doping TiO, with
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metal and non-metal elements, narrowing bandgap,
blending TiO, with metal oxides, and dye sensitisa-
tion, have been used (Pakdel & Daoud 2013; Sun
et al. 2020; Xie et al. 2020; Yu et al. 2016).

The photocatalytic mechanism of TiO, nanopar-
ticles is triggered under the irradiation of light with
energy equal or greater than its band gap, which is
3.2 eV and 3.0 eV for anatase and rutile crystalline
forms, respectively (Pelaez et al. 2012). After the
absorption of light energy, electrons are excited from
the valence band (VB) to the conduction band (CB),
producing pairs of negative electrons (e-~) and posi-
tive holes (hyg*), which can initiate redox reactions
on the surface of photocatalyst (Pelaez et al. 2012;
Zhang et al. 2021). Electrons and holes react with
oxygen and water molecules, producing superoxide
anions O,°” and hydroxyl radicals (*OH) (Montazer
& Pakdel 2011; Yu et al. 2016). These reactive spe-
cies react with contaminants deposited on the surface
of photocatalyst, breaking them down into harmless
products such as CO, and H,O (Pakdel et al. 2022;
Zhai et al. 2022). Two key factors which can influ-
ence the overall photocatalytic efficiency are the band
gap energy of TiO, and the recombination rate of
electron—hole pairs, which are determined based on
morphological and physical properties of the pho-
tocatalyst (Schneider & Curti 2023). Decreasing the
band-gap energy and recombination rate of photogen-
erated electron-hole pairs can enhance harnessing
the visible light, and overall photocatalytic activity
(J. Zhang et al. 2023a, b). Research shows that dop-
ing TiO, with noble metals can shift its activation
threshold towards the visible light region (Pakdel
et al. 2022; Zhou et al. 2022). The efficiency of dif-
ferent types of noble metals such as Ag, Pt, Au, and
Pd as dopants has already been confirmed (Feng et al.
2012; Yang et al. 2024). The efficiency of metal-
doped photocatalysts depends on several parameters
such as size, shape, morphology, interaction with
the support material, synthesis method and chemical
composition (Liu & Corma 2018; van Deelen et al.
2019). Of various noble metal dopants, the role of Pt
in improving TiO,’s light absorption and delaying the
decay of the photogenerated charge carriers has been
reported (Feng et al. 2012; Gayle et al. 2022; Schnei-
der et al. 2014). Platinised TiO,-based photocatalysts
have been widely used in different catalytic applica-
tions such as photocatalytic air purification, water
splitting, and fuel production (Liu & Corma 2018;
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Méndez et al. 2023; Vikrant et al. 2021). Modifica-
tion of TiO, with Pt dopant can be classified into two
strategies including metallisation of TiO,, and dop-
ing of TiO, (Rosario & Pereira 2014). The former
refers to the method by which metal nanoparticles are
deposited on the surface of photocatalyst mainly via
photodeposition. Under this condition, metals form
Schottky barrier and act as a sink for the photogen-
erated electrons, reducing overall recombination.
In the latter approach, which is based on doping, Pt
ions are incorporated into the TiO, lattice substitut-
ing the Ti*" ions. This process alters the bandgap and
crystalline structure, changing TiO,’s response to vis-
ible light (Rosario & Pereira 2014). Comparing these
two modification approaches, previous research con-
firmed that TiO, nanoparticles modified with ionic
metal dopants possess a higher photocatalytic activity
under visible light (Kim et al. 2005).

The effectiveness of noble metals such as Au
and Ag as dopants in imparting enhanced function-
alities to textiles has widely been reported (Abual-
naja et al. 2021; Behzadnia et al. 2024; MiloSevié
et al. 2023; Mollick et al. 2023; Pakdel et al. 2014a,
2014b, 2023; Tang et al. 2012). Concerning the
functionality of metal-doped TiO, colloidal coat-
ings on textiles, it was demonstrated that altering
the synthesis procedure of TiO, colloids containing
Au can result in varying photocatalytic activities
(Pakdel et al. 2024a). The results showed that the
Au-doped colloids synthesised via the photodepo-
sition process exhibited weaker photocatalytic and
antibacterial activities on the surface of cotton fab-
rics. The coated fabrics showed self-cleaning prop-
erty under visible light generated by a solar simu-
lator, and antibacterial activity against E. coli and
S. aureus bacteria. Long et al. (Long et al. 2016)
synthesised Pt-TiO, and N-TiO, and applied them
on cotton fabrics using a dip-coating method. Moni-
toring the change in methyl orange dye concentra-
tion under visible light in the presence of fabrics
coated with Pt-TiO, and N-TiO, showed 53.6% and
28.9% dye degradation, respectively, while pure
TiO, caused only 19.2% degradation. The fabric
coated with TiO,/Pt discoloured the absorbed cof-
fee stain within 20 h of irradiation under simulated
sunlight. Montazer et al. (Montazer et al. 2012)
reported that the TiO,/Ag coatings synthesised via
a photodeposition mechanism showed a photocata-
Iytic self-cleaning effect on wool fabric under UVA

and daylight irradiation. Similarly, the effective-
ness of Ag, Au, and Pt dopants in enhancing the
self-cleaning performance of wool and cotton fab-
rics has been reported (Pakdel et al. 2015a, 2014a,
2022). It was shown that using Ag and Au dopants
led to moderate to severe colour changes on cotton
fabrics, potentially affecting the applicability and
aesthetic appeal of the products.

Among various metal dopants, limited research
has been conducted on the effect of incorporating
Pt into photocatalytic coatings for textile applica-
tions. Some key areas such as the impact of Pt dop-
ing on photo-induced self-cleaning, antibacterial
activity, UV protection and washability of func-
tionalised fabrics remain underexplored. Although
Pt is an expensive dopant, it has widely been used
to enhance the photocatalytic performance of TiO,
nanoparticles. Pt-doped colloids effectively intro-
duce novel functionalities to textiles without caus-
ing any colour changes, which is an advantage com-
pared with other types of noble metal dopants. It has
also been reported that Pt can be a more effective
dopant compared with other commonly used alter-
natives such as Ag for boosting the photoactivity of
TiO, nanoparticles (Bumajdad & Madkour 2014).
The synergistic effects of Pt doping and superhy-
drophilic silica on enhancing novel functionalities
on textiles have not yet been fully explored. There-
fore, it is worthwhile to thoroughly investigate how
Pt and silica can synergistically influence on the
functionalities of superhydrophilic titania-based
coatings on cotton fabrics, elucidating their role in
achieving self-cleaning, antibacterial activity, and
UV protection on textiles. Moreover, the modifi-
cation of TiO, with ionic Pt dopant has not been
reported for textile applications and its effects on
chemical and physical characteristics of cotton fab-
rics are unknown. Therefore, in this study, colloids
of TiO,/Pt/SiO, colloids were synthesised through
the low temperature sol-gel method and applied to
cotton fabrics via a dip-pad-dry-cure method. Dif-
ferent properties of fabrics such as self-cleaning,
photocatalytic activity under UV and visible light,
MB dye degradation kinetics, antibacterial activity
against E. coli and S. aureus bacteria, UV protec-
tion, mechanical properties, and washing fastness of
applied coatings were thoroughly investigated and
the role of each individual ingredient was clarified.
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Experimental
Materials and chemicals

A woven cotton fabric with the mass of 135 g/m?
was used as the substrate. Titanium tetra isopropox-
ide (TTIP) 97% and tetra ethyl orthosilicate (TEOS)
98% were purchased from Sigma-Aldrich and used
as the precursors of TiO, and SiO, sols, respec-
tively. Chloroplatinic acid hexahydrate (H,ClPt -
6H,0) (Sigma-Aldrich) was utilised as the precur-
sor of Pt.

Synthesis of colloids

TiO, sol was prepared through hydrolysis and con-
densation reactions of TTIP in an aqueous solution
in the presence of acetic acid. Nitric acid (HNOj3)
was added into the mixture of TTIP, distilled water
and acetic acid, then the mixture was stirred at
60 °C for 2 h obtaining a transparent TiO, colloid.
To synthesise the TiO,/Pt colloids, predetermined
amount of metal precursor was added to the mix-
ture and was refluxed at 60 °C for 2 h resulting in
transparent sols. Four Pt:Ti molar ratios including
0.01%, 0.1%, 0.5% and 1% were used to synthesise
the colloids. The silica sol was prepared from TEOS
in an acidic condition (pH=3) after 2 h of stirring
at room temperature. The silica sol was added to the
TiO, and TiO,/Metal colloids based on the molar
ratios of TiO,/SiO, 30/70 and 50/50. After stir-
ring at room temperature for 1 h, the ternary nano-
composite sols were obtained. In total, 13 different
colloids were synthesised as listed in Table 1. For
simplicity of naming ternary TiO,/Pt/SiO, colloids,
only the ratio of ingredients was used to label them
in the text.

Fabric surface coating

Cotton samples were scoured in a water bath contain-
ing 2 g/L nonionic detergent (Kieralon F-OL-B) at
40 °C for 20 min. After a rinse with running deion-
ised water, the cotton samples were dried at room
temperature for 24 h. The coating process was car-
ried out based on the dip-pad-dry-cure process. The
scoured fabrics were immersed into the sols for 1 min
and then the additional uptake was removed during
the padding step using an automatic padding machine
with the rotating speed of 7.5 rpm and 2.75 kg cm™2
pressure. The fabrics were then neutralised with the
fume of ammonia hydroxide 25%. The coating pro-
cess was completed by drying the samples at 80 °C
for 5 min and then curing at 120 °C for 5 min.

Testing self-cleaning and wet photocatalytic property

The photocatalytic self-cleaning test was conducted
under UV and visible light sources produced by nine
BLB bulbs of Philips TL-D 18 W with a maximum
intensity at wavelength (A) 370 nm and fluorescent
lamps of Philips 30 W, respectively, positioned 40 cm
above the samples. The fabrics were stained with con-
centrated coffee solution and exposed to light sources
up to 8 h.

To analyse the wet photocatalytic activity of fab-
rics, 1 g of fabrics was cut into 1Xx1 cm pieces and
then added to 50 ml of 10 mg/LL MB solution (pH=1).
Fabrics were stirred in the dark for 30 min to achieve
adsorption—desorption equilibrium prior to light irra-
diation on samples. UV and visible light irradiations
were generated by five Philips UVA and fluorescent
lamps, respectively positioned at 10 cm above the sam-
ples. The degradation of MB was assessed based on
measuring the variation of peak intensity at 664 nm

Table 1 The list of colloids

: Number Colloid name Number Colloid name
synthesised through the
sol-gel method and applied 1 TiO, 8 TiO,/Pt/SiO, 50/0.5/50
to fabrics 2 TiO,/Pt 0.01% TiO,/Pt/SiO, 50/1/50
3 TiO,/Pt 0.1% 10 TiO,/PUSiO, 30/0.01/70
4 TiO,/Pt 0.5% 11 TiO,/PUSiO, 30/0.1/70
5 TiO,/Pt 1% 12 TiO,/PUSiO, 30/0.5/70
6 TiO,/PU/SiO, 50/0.01/50 13 TiO,/PUSiO, 30/1/70
7 TiO,/PU/SiO, 50/0.1/50
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wavelength at different irradiation intervals measured
by UV-vis spectrophotometer (Varian-carry 300).

The MB dye degradation kinetics were analysed
based on pseudo-first order and pseudo-second-order
kinetic models using Eq. 1 (Eq. 1) and Eq. 2, respec-
tively. C, was the MB dye concentration at time (t) and
C, was the initial concentration of dye. K; and K, were
the reaction rate constants based on pseudo-first-order
and pseudo-second-order kinetics, respectively.

—In (C,/Cy) = kyt (1)

1/C,=1/Cy+ kyt )

The MB dye degradation percentage in the presence
of fabrics was calculated using Eq. 3.

Dye degradation (%) = [(C, — C,)/Co] x 100 (3)

Measuring the UV protection property

UV protection of fabrics was measured using a spectro-
photometer (UPF and UV Penetration/Projection Meas-
urement System, Model: YG902, China). The values of
UPF, and transmitted ray were automatically calculated
by the instrument. Eight spots of each sample were
tested, and the average values were reported.

Washing fastness test

The washing fastness test was carried out using a
launder-ometer (FONG’S, Hong Kong) based on the
AATCC 61-2010 standard test method. Each sample
was washed for 10 times in a bath containing detergent
and the durability of samples were tested based on the
variation of UPF level of fabrics. To this end, fabrics
were cut into 10X 5 cm pieces and put in separate can-
isters containing 200 ml water, 1.85 g/L detergent, and
10 steel balls. Each wash cycle was carried out at 40 °C
for 45 min, followed by drying at 50 °C for 1 h in an
over. The washed samples were conditioned in labora-
tory (20+°C and 65 +2% relative humidity) overnight.

Assessment of Antibacterial activity:
Gram-negative Escherichia coli (E. coli) and Gram-

positive Staphylococcus aureus (S. aureus) bacte-
ria were used as testing microorganisms to assess

the antibacterial activity of fabrics according to the
AATCC 100-2004 test method (Pakdel et al. 2024b).
Prior to the test, the samples were sterilised with UV
ray for 45 min. The bacteria suspension with 1x 10°
colony forming units (cfu)/ml was prepared by adding
microorganisms to tryptic soy broth. Each fabric was
cut circular with the diameter 48 mm, and inserted
into sterile gamma container, and then 1 ml of bacte-
ria inoculum was added into the container, followed
by incubation at 37 °C for 24 h. Next, 100 ml of saline
was added to each container followed by shaking, and
then 1 ml of the prepared solution was cultured in
petri-dishes containing tryptic soy agar medium. The
petri-dishes were incubated at 37 °C for 24 h and then
the growth rate of bacteria colonies in each agar plate
was observed and their photographs were recorded.

Testing mechanical properties of fabrics

The tensile strength test of fabrics was conducted
using Instron 30 kN Tensile Tester instrument (USA).
The tensile strip test was performed according to
the standard test method of ASTM D5035-11 in
both warp and weft directions. The specimens were
mounted to the clamps of instrument and the test was
conducted based on the constant rate of extension
(CRE) with the elongation speed of 300+ 10 mm/
min and the gauge length of 75 mm. Three specimens
in each direction were tested and the average values
were reported.

The bending rigidity of coated fabrics was meas-
ured based on the AS 2001.2.9 standard test method
using a fixed-angle fabric stiffness tester (SDL
ATLAS). All the mechanical tests were carried out
for both weft and warp directions of fabrics. This
test was repeated at least three times for three speci-
mens from each sample, and the average results were
reported. The stiffness of fabrics was compared based
on the bending modulus (q) of fabrics in N/m? (Eqs. 4
and 5).

G uN.m)=mx C*>x9.807 x 107° 4)

g(N/m) = (12x G x 10°) /¥ 5)

where G was the flexural rigidity of fabrics, C was
the bending length (mm) of the tested specimen, m
was the fabric mass per unit area (g/m?), and t was the
thickness of fabrics (mm).

@ Springer
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Measuring the air permeability of fabrics was
carried out using a textile air permeability tester
(TEXTEST AG, FX3300-III, Switzerland) accord-
ing to the standard test method of BS 5636 (Great
Britain). All samples were pre-conditioned in the
laboratory for 12 h prior to the tests.

Characterisation instruments

The surface morphology of fibres was investigated
using scanning electron microscopy (SEM) images
captured using KYKY-EM3200 (China). The mor-
phology of washed sample was further characterised
using Zeiss Supra 55VP instrument. Transmission
electron microscopy (TEM) images of nanoparticles
were taken using JEOL JEM-2100F with an acceler-
ating voltage of 200 kV. Selected area electron dif-
fraction (SAED) patterns were taken using the same
TEM instrument. Chemical composition of applied
coatings was examined using the X-ray photoelec-
tron spectroscopy technique (Thermo Fisher Scien-
tific Nexsa). The crystallinity of fabrics was tested
using X-ray diffractometer (X’Pert Powder, PANa-
Iytical, Netherlands) with a Cu Ko radiation over
20 range of 15-50° operating at 40 kV and 30 mA.
Fourier transform infrared (FTIR) analysis was per-
formed using Varian 1000 instrument equipped with
an attenuated total reflectance (ATR) accessory.
The UV-Vis spectra were obtained using UV-vis
spectrophotometer (Varian-carry 300). The light
reflectance of fabrics was tested using a Carry 5000
UV-vis—NIR spectrophotometer equipped with a
diffuse reflectance accessory over a 200-800 nm
wavelength range.

Results and discussion

In this work, pure and modified TiO, colloids were
synthesised through the sol-gel method and applied
to cotton fabrics to achieve novel functionalities as
shown in Fig. 1 of fabrics.

Optical properties of colloids

Figure 2a shows that through incorporating Pt into
the sol-gel synthesis of TiO,, the bluish colour of
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pure TiO, changed to a pale yellow, which was inten-
sified by increasing the concentration of Pt. Based on
the obtained UV-vis spectra (Fig. 2b and c), increas-
ing the concentration of Pt in the colloids, led to a
higher visible light absorption, which was related to
the excitation of electrons from the dopant ions to the
conduction band of TiO, (Choi et al. 2010; Nishiy-
ama et al. 2015). Also, this shift of light absorption
to visible region can be related to forming the impu-
rity levels of Pt** in the TiO, lattice, the generation of
oxygen vacancy induced by the doped ions, and the
formation of PtO species on the surface of TiO, (Choi
et al. 2010; Hu et al. 2015). Additionally, adding sil-
ica further enhanced the visible light absorption of
colloids (Fig. 2d), which is in good agreement with
previous findings (Pakdel et al. 2024a). The deposi-
tion of TiO,-based nanocomposites on the surface of
fabrics, reduced the UV reflectance of fabrics over the
UV region, which was due to the intrinsic UV absorp-
tion behaviour of TiO, nanoparticles (Fig. 2e). This
implied a better UV protection property of coated
fabrics compared with pristine cotton. The existence
of silica and Pt on the surface of fabrics did not show
a tangible impact on the optical properties of fabrics
over visible light region (400-700 nm) as can be seen
in Fig. 2e.

Surface characterisation of fibres

The SEM images confirmed the formation of a thin
coating layer on fibres without any severe aggregation
of nanoparticles (Fig. 3). Incorporation of Pt precur-
sor into the colloid resulted in a rougher surface, but
the developed coatings were still uniform. Silica-con-
taining coatings were even and uniform, without any
obvious aggregations. The applied coatings deposited
on the surface of fibres, and they did not lead to the
full blockage of the pores among fibres. Figure 3b
illustrates the TEM images of TiO, and TiO,/Pt nan-
oparticles synthesised through the sol-gel method
(Fig. 3b). The parallel arrays of TiO, lattices showed
the interlayer distances of 0.348 nm (Fig. 3b and d)
with the lattice strips appearing more sequential than
those of Pt-doped TiO,, implying that the Pt ions
were successfully doped into the crystallite (Hu et al.
2015). The analysis of TiO,’s SAED pattern showed
the (101), (004), (200), (204), and (211) planes which
is in good agreement with literature (Pakdel et al.
2018). The slight expansion of TiO, lattice spacing
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Fig. 1 (a) Schematic illustration of the sol-gel synthesis of TiO,/Pt and TiO,/Pt/SiO, colloids and the coating process on fabrics,
(b) photocatalytic self-cleaning fabrics, (¢) antibacterial activity developed on fabrics, d) UV protection mechanism on coated fabrics

after doping can be due to the incorporation of Pt ions
in TiO, lattice, which in turn distorted the crystalline
dimensions of anatase (Hu et al. 2015; Zang et al.
2024).

The chemical composition and state of elements
in the developed coatings were examined using XPS
analysis (Fig. 4). On the fabric coated with pure
TiO,, the peaks related to Ols, Cls and Ti 2p were
detected confirming the deposition of a titania layer
at the outer surface of fibres. The Ti 2p 5, and Ti
2p,, peaks appeared at binding energies of 457.3 eV
and 463 eV with 5.7 eV apart, confirming the pres-
ence of Ti*" in the crystal (Xue et al. 2020). It was
also noticed that the synthesised TiO, contained a
small concentration of Ti** according to the weak
peak appeared at 458 eV (Fig. 4a). After doping

with Pt, the peak intensity of Ti 2p,, related to Ti**
decreased, and the Ti** peak increased, indicating the
removal of oxygen from the lattice (Fig. 4b) (Bharti
et al. 2016). The presence of Ti** can influence the
electron—hole pairs recombination mainly by form-
ing oxygen vacancies in the band gap and thereby
contributing to the enhanced visible-light activity of
TiO, (Mohajernia et al. 2020). In the Pt-doped TiO,
photocatalyst (Fig. 4b), two main peaks of Pt 4f 7/2
and Pt 4f 5/2 were deconvoluted into four smaller
peaks. The larger deconvoluted peaks at 72.3 eV and
75.3 eV are assigned to PtO existed on the photo-
catalyst, and the weaker peaks at 73.8, and 76.3 eV
correspond to PtO,, which is in good agreement with
Hu et al. (Hu et al. 2015; Kim et al. 2005; Wu et al.
2011). Comparing the ionic radius of Pt** (0.765 A),
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Fig. 2 (a) Photographs of some of the colloids synthesised
through the sol-gel method; UV-vis spectra of (b) TiO,/Pt
colloids, and (c¢) TiO,/Pt/SiO, colloids; (d) UV-vis spectra

Ti** (0.745 A) and P2* (0.94 A), it can be concluded
that Pt** ions can substitute Ti*" ions due to their sim-
ilar ionic radii, thereby doping the TiO, lattice (Hu
et al. 2015; Kim et al. 2005; Zang et al. 2024). It has
been reported that the Pt>* peaks can appear because
of the existence of PtO and PtCl, on the surface of
photocatalysts (Hu et al. 2015). However, no Cl peak
was detected in the corresponding spectrum, indicat-
ing that the Pt>* peaks on the tested sample are attrib-
uted to PtO formed on the surface of TiO,. The Pt-
related peaks weakened after adding silica, due to the
silica’s effect on masking the elements and changing
the surface chemical composition. As for pure TiO,,
O1ls peaks can be fitted with three peaks positioned at
binding energies of 529 eV, 530.2 eV, and 531.2 eV,
corresponding to the lattice oxygen bound to Ti*',
absorbed hydroxyl groups, and the presence of OH
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Wavelenghth (nm)

showing the effect of silica on the light absorption of colloids;
(e) UV-Vis diffuse reflectance of cotton fabrics

terminal groups whose oxygen coordinated with Ti**
ion, respectively (Bharti et al. 2020). Doping TiO,
with Pt led to weaker O 1 s and Ti 2p peaks intensity
which can be due to the formation of Pt layer on TiO,,
altering the amount of lattice oxygen, and having a
less amount of OH groups on the surface of coating.
Adding silica further changed the O1s peak shape and
intensity, where its addition decreased and increased
peak intensities at 529 eV, and 531.2 eV, respectively.
The former can be due to the coverage of TiO, nano-
particles and therefore having a less amount of lattice
oxygen accessible to XPS. The latter can be linked to
the role of silica in developing superhydrophilicity
on fabrics and providing more hydroxyl groups due
to introducing Si—~OH and adsorbed water molecules
on the surface (Bai et al. 2022; Krishnan et al. 2017).
The sharp Si 2p peak can be deconvoluted into three
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main peaks at around 100.7 eV, 102 eV, and 103 eV,
corresponding to Si—C, Si—OH and Si—O-Si, respec-
tively (Post et al. 2018).

XRD patterns of pristine and coated fabrics
showed characteristic peaks related to cellulose crys-
talline structure and anatase TiO, (Fig. 5a). The main
sharp peak at 20 =22.7° was because of the crystalline
structure of cellulose, and its intensity decreased after
applying coatings. On coated fabrics, the small shoul-
der peak at 20 =25.4° was due to the anatase crystal-
line structure of TiO, deposited on cotton fibres. No
diffraction peaks were observed for Pt, indicating that
the metal ions were dispersed in the lattice of TiO,
(Choi et al. 2010; Nishiyama et al. 2015). FTIR spec-
tra of samples showed the characteristics peaks of
cellulose (Fig. 5b). The broad peaks at 3330 cm™! and

3280 cm™' were related to intra-molecular hydrogen
bonding and inter-molecular hydrogen bonding of
cellulose, respectively (Abidi et al. 2014). The peaks
located at 1100 cm™', 1053 cm™" and 1018 cm™! were
assigned to the anti-symmetric C-O-C stretching
vibration, C-O stretching mode, and C-O stretch of
cellulose, respectively (Abidi et al. 2014). The small
shoulder peak at 1140 cm™! was from C—O-C stretch-
ing within cellulose. This peak can also be related
to the asymmetric stretching of Si—O-Si on the fab-
ric coated with colloidal solution (Abidi et al. 2007).
The peaks at 1240 cm™" and 1400 cm™' were from in-
plane bending of C—O-H, which have been reported
as fingerprints of secondary wall in cotton structure
(Abidi et al. 2008). These peaks remained almost
unchanged after coating process. The small peak at
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Fig. 5 (a) XRD patterns of pristine cotton and representative fabrics coated with Pt-modified colloids; (b) FTIR spectra of pristine
and coated cotton fabrics; (c) the effect of silica on reducing the WCA of coated fabrics

875 cm™! was associated with the p-linkage of cellu-
lose (Abidi & Manike 2018). The peak at 1635 cm™!
was due to the adsorbed water in the amorphous
parts of cellulose, via hydrogen bonding. Its amount
decreased in treated fabrics indicating the interac-
tions of applied coatings with amorphous regions
of cellulose. The peak at 720 cm™' was assigned to
CH, rocking in crystalline cellulose and its intensity
remained unchanged after coating process. The peaks
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at the region of 2910 cm™! to 2850 cm™' originated
from CH, asymmetrical and symmetrical stretching,
respectively (Abidi et al. 2014). Previous publications
assumed that these peaks were from non-cellulosic
substances which may explain their weaker intensity
after treatment with acidic colloids (Abidi et al. 2014).
The peaks related to TiO, and SiO, were mostly over-
lapped with the peaks of cotton. For example, the
peaks related to asymmetric and symmetric stretching
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vibrations of Si—O-Si can appear at 650 cm™!, and

780 cm™!, respectively, overlapping with the cotton-
related peaks. The peaks related to Ti—O-Si stretch-
ing appear around 950-1000 cm™! which have been
overlapped with the C—-O-C and C-O bands of cel-
lulose (Pakdel et al. 2018). Analysing the WCA of
fabrics showed that the fabric coated with TiO,/Pt
colloid was hydrophobic with a contact angle 119°.
Adding silica with the ratios of TiO,/SiO, 50/50 and
30/70 rendered the fabrics hydrophilic and superhy-
drophilic, respectively (Fig. 5c¢). The higher hydro-
philicity of fabrics in the presence of silica is in good
agreement with the XPS findings.

Photocatalytic self-cleaning property

Testing the photocatalytic self-cleaning of coated fab-
rics showed that the sample coated with pure TiO,
did not remove the coffee stains neither under UV
nor visible light even after 8 h of irradiation (Fig. S1).
After doping TiO, with Pt, the fabrics showed a weak
self-cleaning under both types of light sources, failing
to completely decompose the stains. However, it was
observed that after adding silica, the self-cleaning
property significantly improved under both UV and
visible light. Increasing the concentration of silica
from TiO,/Si0, 50/50 to 30/70 ratio, led to a stronger

Oh 8h oh

TiO,/Pt s 50/0.01/50

0.01%
TiO,/Pt

0.1% * 50/0.1/50
TiO,/Pt i

0.5% % 50/0.5/50
TiO,/Pt o

1% - 50/1/50

Fig. 6 Self-cleaning property of fabrics under UV

photocatalytic self-cleaning on platinised cotton fab-
rics (Figs. 6 and 7).

Wet photocatalytic activity

Given the better self-cleaning property of coatings
developed based on TiO,/Pt/SiO, 30/Pt/70 ratios,
their photocatalytic activity was further assessed
quantitatively. The analysis of the photocatalytic
efficiency was conducted by monitoring the degra-
dation rate of MB in the presence of coated fabrics
under both UV and visible light (Fig. 8 and 9). It
was noticed that the fabrics showed different ten-
dencies in absorption of MB dye during the ini-
tial absorption—desorption process in dark. In the
presence of silica, the dye adsorption significantly
increased, while Pt addition and its concentration
had negligible effects. In the binary TiO,/Pt col-
loids, the concentration of Pt influenced on the
photocatalytic activity of coatings under both types
of light sources. For instance, TiO,/Pt 0.1% led to
a weaker photocatalytic performance compared
to pure TiO,, and after increasing the concentra-
tion of Pt dopant to 1%, the photocatalytic perfor-
mance increased under visible light. The major dye
removal was achieved after adding superhydrophilic
silica to the coating formulations. For instance, the

8h Oh 8h

30/0.01/70

30/0.1/70

30/0.5/70

30/1/70
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Fig. 8 Photocatalytic degradation of MB dye under UV in the presence of cotton fabrics

fabric coated with 30/1/70 colloid exhibited 43.5%
and 39% higher MB degradation efficiency after

Wavelength (nm)

MB dye degradation kinetics

3 h of irradiation under visible light compared to
the samples coated with pure TiO, and TiO,/Pt 1%,
respectively (Table 2).
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The degradation kinetics of MB in the presence of
fabrics under UV and visible light irradiation was
further analysed based on the pseudo-first order and
pseudo-second-order kinetic models (Fig. 10). As a
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Fig. 9 Visible-light-induced photocatalytic degradation of MB in the presence of fabrics

general trend, it was observed that the degradation of
MB in the presence of coated fabrics was faster under
UV irradiation compared to visible light, regardless
of the coating formulation. The concentration of Pt
and the presence of silica both had significant impacts
on the overall reaction rates and the pace of reac-
tions (Table 3). Among different coatings, the 30/1/70
formulation showed superior photocatalytic activ-
ity under both UV and visible light. In general, for
ternary colloidal coatings on cotton fabrics, the sec-
ond-order kinetic model provided a better fit for the
MB degradation process, according to the calculated
correlation coefficients (R?). The 30/1/70 coating
provided the highest rate constants for both first and
second-order-kinetic models. For this type of photo-
catalytic coating, the calculated K; and K, constant
values were 0.539 h™! and 0.128 L/g.h under UV irra-
diation, and 0.363 h~! and 0.073 L/g.h under visible
light, respectively.

Proposed photocatalytic mechanisms

Based on the obtained results, the effect of Pt
dopant and silica on photocatalytic property of
fabrics can be proposed. It was observed that the
fabric coated with 30/1/70 formulation showed
higher MB and coffee stain removal under UV and
visible light. There are several reasons behind this
improvement, including i) the incorporation of Pt**
ions into the lattice of TiO, and the formation of
a new impurity level, ii) the deposition of PtO on
the surface of photocatalyst, and iii) the creation
of Ti** defects in the doped photocatalyst. As one
of the contributing factors, the improved visible-
light-induced photocatalytic activity of the TiO,/
Pt 1%-coated fabric was related to the incorpora-
tion of Pt** ions into the lattice of TiO,, as con-
firmed by the XPS analysis. Therefore, it is plau-
sible to say that under the irradiation of visible
light, the light energy can excite electrons from

Table 2 Adsorption, and photocatalytic degradation of MB dye by fabrics

Samples Pristine cotton TiO, TiO,/Pt 0.1% TiO,/Pt 1% 30/0.1/70 30/1/70
MB dark uptake (%) 33 37 355 37 56.5 532
MB degradation under UV (%) 34.11 78.27 66.64 70.52 86.94 88.17
MB degradation under visible light (%) 46.3 55.15 43.72 56.98 75.79 79.15
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Table 3 Kinetics of MB

. ; Samples uv Visible light

dye degradation by fabrics

coated with Pt-doped Istorder 2nd order Ist order 2nd order

colloids under UV and 4 5 ) = > 3

visible light irradiation K, ™) R K, L/gh) R K, (™) R K, L/igh) R
TiOy/Pt0.1% 0.271 0.962 0.034 0.994 0.123 0.752  0.014 0.805
TiO,/Pt 1% 0.314 0.960 0.042 0.967 0.191 0910 0.025 0.958
30/0.1/70 0.463 0.947 0.100 0.888 0.323 0.890 0.060 0.971
30/1/70 0.539 0.986 0.128 0.946 0.363 0.936 0.073 0.981

the impurity level of Pt*"to the conduction band of
TiO, (Hu et al. 2015). The remained holes at the
Pt** impurity level migrate to the valence band of
deposited PtO, reducing the recombination of elec-
tron—hole pairs (Hu et al. 2015; Ren et al. 2017).
In addition, the presence of PtO on the outer sur-
face of the platinised photocatalysts can contribute
to the improved photocatalytic activity. It has been
reported that PtO can be excited under visible light
and inject electrons into the conduction band of
TiO,, extending the photoefficiency of the modified
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TiO, to visible light (Hu et al. 2015). The third
proposed contributing mechanism is the formation
of self-doping Ti** defects in the modified photo-
catalysts (Xiu et al. 2020). Ti’* defects can form
intermediate gap between the valence band and
conduction band of TiO,, promoting the visible
light absorption and separation of photogenerated
electron—hole pairs (Xiu et al. 2020). Therefore, the
combining effects of all these mechanisms can con-
tribute to reducing the overall recombination rate
of photogenerated electrons-holes and enhancing
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the photocatalytic activity of TiO, nanoparticles.
Another key parameter which should be considered
is the presence of silica in the vicinity of the doped
photocatalyst. The increased photocatalytic activity
in the presence of silica was also attributed to the
enhanced superhydrophilicity of the fabrics, and
the role of extra water molecules which exist on the
coated surface (Drelich et al. 2011). This feature
boosted the photocatalytic reactions and production
of reactive species such as hydroxyl radicals under
irradiation (Bai et al. 2022; Pakdel & Daoud 2013).
The addition of silica can i) prevent the agglomera-
tion of TiO, nanoparticles on the coated surface,
ii) boost the surface acidity on the photocatalyst
by creating Bronsted acidic sites due to the forma-
tion of Ti—-O-Si bonds (Wolek et al. 2023), and iii)
increase the overall surface area depending on its
concentration and synthesis approach (Pakdel et al.
2018; Romero-Morén et al. 2021). Figure 11 pro-
poses the main Pt-related mechanisms in photocat-
alytic activity of a superhydrophilic TiO,/Pt/SiO,
coating under UV and visible light.

Antibacterial activity of fabrics
Figure 12 confirmed that the addition of Pt intro-

duced an effective antibacterial activity against both
E. coli and S. aureus bacteria as gram negative and

positive microorganisms to fabrics. The obtained
results showed that pure TiO, and TiO,/SiO, 30/70
coatings did not show any antibacterial activity on
cotton fabric which can be related to the absence of
light to activate their photocatalytic activity (Fig.
S2) (Natsathaporn et al. 2023; Pakdel et al. 2024a).
Increasing the concentration of Pt to 1% played a key
role in developing bactericidal effect, since the fabrics
coated with colloids containing Pt 0.1% allowed the
growth of bacteria colonies (Fig. S2). The plausible
mechanism behind the observed antibacterial activity
can be the role of Pt ions in interactions with the thiol
groups in bacteria cell membrane, which damaged the
cell wall and killed the bacteria (Tahir et al. 2017). It
has also been reported that platinum can interact with
DNA, and respiratory mechanisms of bacteria cell,
preventing their proliferation (Tahir et al. 2017).

UV protection of fabrics

Measuring the UPF level of fabrics showed that
applying the synthesised binary TiO,/Pt colloids
to fabrics enhanced their UV protection property
(Fig. 13). However, adding silica to the coating for-
mulation reduced the overall UPF level. Also, increas-
ing the concentration of Pt resulted in increasing the
UPF level for both groups of fabrics coated with ter-
nary and binary colloids. Increased UV protection

Fig. 11 The proposed
mechanisms for photocata-
lytic activity of self-clean-
ing TiO,/Pt/SiO, coating
under UV and visible light
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Fig. 12 The antibacterial activity of cotton fabric coated with Pt-modified colloids

of fabrics is related to the intrinsic light absorption
properties of pure and modified TiO, nanoparticles.
Under UV irradiation, TiO, generates pairs of elec-
trons and holes, which on the one hand can initiate
the redox reactions on the surface of photocatalysts
and produce a self-cleaning effect on fabric (Schnei-
der et al. 2014). But on the other hand, these pairs
may be recombined and release their absorbed energy
in the form of heat (Schneider et al. 2014). This phe-
nomenon gives rise to a UV protection property on
the coated surface (Yang et al. 2004). The increased
UPF level after incorporating Pt can be related to the
modified optical properties of TiO, nanoparticles or
the presence of Pt on the surface of fabrics. Silica
reduced the overall UV protection of fabrics, due to
its antireflective properties which in turn increased
the UV transmittance through the fabrics (Pakdel
et al. 2015b). Testing the washing fastness of fabrics
revealed that the presence of Pt resulted in a more
durable UV protection property on fabrics which
can be attributed to the penetration of Pt-containing
nanocomposites into the structure of cellulose and the
attachment of doped colloids to the surface of fabrics.
Figure 13f depicts the SEM image of the sample after
10 wash cycles, showing the presence of applied coat-
ings on the fibre. The detection of Ti, Si, and Pt ele-
ment signals in the XPS analysis of the washed sam-
ple further corroborated the washing fastness of the
applied coating (Fig. 13g-1).

@ Springer

Mechanical properties of fabrics

The effects of coating process on mechanical proper-
ties of cotton fabric were investigated based on the
measured breaking loads, bending rigidity, and air
permeability (Fig. 14). Figure 14a demonstrated that
the deposition of pure TiO, and TiO,/Pt/SiO, colloids
increased the breaking loads of fabrics in both warp
and weft directions which can be due to the role of
applied coatings in increasing the diameter of fibres.
It can also be realised that the treatment of fabrics in
acidic colloids did not cause any degradation in fibres
and deterioration of their mechanical strength. The
stiffness of fabrics was compared based on the bend-
ing modulus values (Fig. 14b), and it was observed
that applying pure TiO, increased the stiffness of
fabrics by up to 65.4% and 24.8% in warp and weft
directions respectively. After incorporating silica into
the coating formulation, the bending modulus of fab-
ric changed by 183.7% and 62.3% in warp and weft
directions, respectively, compared with the pristine
fabric. This can be related to the deposition of nano-
particles on fibres surface and binding them together,
preventing their free movement and their bending
behaviour under their own weight. Testing the air-
permeability of fabrics revealed that the applied
coatings slightly reduced the air permeability of fab-
rics (Fig. 14c). This was related to the deposition of
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Fig. 13 (a) UV protection of coated fabrics; (b) washing fast-
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through fabrics after 10 washing cycles; (f) The SEM image
of a cotton fibre coated with 30/1/70 colloid after 10 washing

nanoparticles in the pores within the structure of fab-
rics, reducing the free air passage.

Conclusion

Two main groups of colloids including TiO,/Pt
and TiO,/Pt/SiO, colloids were synthesised and
applied to fabrics with the aim of evaluating the
role of silica and Pt in imparting self-cleaning
property, antibacterial activity and UV protection
to cotton fabrics. The colloids were synthesised
via a low temperature sol-gel method using differ-
ent molar concentrations of Pt and silica includ-
ing Pt:Ti 0.01%, 0.1, 0.5%, 1%, and TiO,/SiO,
50/50 and 30/70, and applied to cotton fabrics via a

Binding energy (eV)

Binding energy (eV)

cycles; (g-i) XPS analysis of the sample coated with 30/1/70
colloid after 10 washing cycles (The dashed line represents the
simulated graph based on the deconvoluted curves)

dip-pad-dry-cure method. The obtained results con-
firmed the role of Pt dopant in enhancing the vis-
ible-light-induced photocatalytic activity of super-
hydrophilic coated fabrics. Its effect on enhancing
the self-cleaning property of fabrics became syn-
ergistically noticeable after including the silica
into the coating formulation based on the ratio of
Ti0,/Si0, 30/70. The fabrics coated with the TiO,/
Pt/Si0O, 30/1/70 colloid were superhydrophilic and
showed the best self-cleaning property under both
UV and visible light. XPS analysis confirmed the
successful incorporation of Pt** ions into the lat-
tice of anatase TiO, and the self-doping of TiO,
with Ti**. These factors, combined with the supe-
rhydrophilicity of the fabrics, played key roles in
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enhancing the visible-light-induced photocatalytic
activity of the developed coatings. Moreover, it was
demonstrated that the fabrics coated with TiO,/Pt
and TiO,/Pt/SiO, colloids (Pt:Ti 1%) possessed a
100% bactericidal functionality against E. coli and
S. aureus bacteria. The doping process and increas-
ing the concentration of Pt to 1% increased the UV
protection level of coated fabrics to the excellent
level of 45 +, while the addition of silica reduced it.
The applied TiO,/Pt/SiO, 30/1/70 coating showed
a great washing fastness and withstood up to 10
accelerated wash cycles. The findings of this study
provided new insights on the synergistic effects of
Pt and SiO, on improving the photocatalytic activ-
ity of TiO, nanoparticles, which can be utilised in
developing novel functional coatings with enhanced
features.
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